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Ab Initio Prediction of the Equilibrium Structure and Vibrational —Rotational Energy
Levels of Fluorofulminate
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The molecular parameters of fluorofulminate, FCNO, have been predicted in ab initio calculations using the
coupled-cluster method, CCSD(T), and basis sets of double- through quadrpddity. In contrast to other
halofulminates (CICNO and BrCNO), the equilibrium structure of the FCNO molecule was found to be well
bent, with the parameterg(FC) = 1.301 A,rg(CN) = 1.200 A,r¢(NO) = 1.199 A, 04FCN) = 135.%, and
O«(CNO) = 162.0°. The height of a barrier to linearity of the FCNO chain was predicted to be 1876, cm

The harmonic frequencies and, in particular, FCN bending-rotation energy levels were calculated. To assist
in a future analysis of the high-resolution spectra of fluorofulminate, the effective rotational coBsteas
predicted for various states of the FCN bending mode. The determined regular pattern of low-lying energy
levels is consistent with that characteristic of a semirigid bent molecule with a moderately anharmonic bending
potential energy function.

1. Introduction alternative for predicting spectroscopic properties of fluoro-

fulminate. In the most advanced ab initio studi€sreported
The halide (C+ and Br-) and pseudohalide (N€) deriva- L N INito studiesep

. S\ . so far in the literature, the FCNO molecule was computed at
tives of fulminic acid, HCNO, have been recently shown both o \1p2/6.31G* level of theory to be planar and bent, being

experimentally™* and theoretically™® to be quasilinear. The 104 kJ/mol less stable than the FNCO isomer. The barrier to
CICNO and BrCNO molecules were found to be bent at linearity of the FCNO chain was determirfetdy various

equilibrium, however, with a small barrier to linearity of the -
heavy-atom skeleton. The barrier height was determined ex-g:ﬁ?lr)eucal approaches to range from 2 to 41 kJ/mol {1400

perimentally to be 167 cm?! for CICNO and 131 cm! for

BrCNO. On the other hand, the barrier height was predicted at 1€ Present study was undertaken with the aim of predicting
the CCSD(T)pdfghlevel of theory to be 156 cm? for the spectroscopic properties of fluorofulminate by the ab initio

CICNO and 119 cm for BrCNO. Although the NCCNO  @pproach and of assisting future experimental studies. Consider-
molecule was fouritf to be linear at equilibrium, the CCN ing excellent agreement between the experimental and theoreti-
bending potential energy function appeared to be strongly cal data for the CICNO, BrCNO, and NCCNO molecules,
anharmonic, extraordinarily flat near the minimum. For all of We hope that the results reported here may be a guide to the
these molecules, the dependence of the effective rotational@ssignment of vibrationairotational transitions in the fluoro-
constanB, on the quantum numbers of t€N bending mode ~ fulminate spectra. The results may also serve as high-level
(X = Cl, Br, or C) was foun#® to be highly nonlinear, thus ~ Penchmark data for the evaluation of density functional theory
indicating strong anharmonicity of thCN bending motion.  (DFT) for molecules of this typé

Using the ab initio calculateXXCN bending potential energy

functions?~6 it was possible to predict the chang&B, due to 2. Method of Calculation

excitation of the XCN bending mode to remarkably high )

accuracy. Up to the sixth excited state of tKEN bending The molecular parameters of fluorofulminate were calculated
mode, the predicted chang&8, coincide with the experimental ~ using the coupled-cluster method including single and double
value@?3 to within =1 MHz 46 excitations and a perturbational correction due to connected

To our knowledge, very little indeed is known about the triple excitations, CCSD(T):"'* The one-particle basis sets
fluorine derivative of fulminic acid, FCNO. Among the species Used are the correlation-consistent polarized valence basis sets,
with the composition [C, F, N, and O], only the most stable cc-pVnZ.15 The quality of the basis sets ranges from double-
isomer, fluoroisocyanate, FNCO, was observed experimentally (N = D) to quadruple (n = Q). The largest basis set employed,
by low-resolution infrared spectroscopy in argon and neon C¢-PVQZ, consists of a (EBp3d2flg)/[5s4p3d2flg] set for
matrixes’® An attempt to measure the rotational spectrum of carbon, nitrogen, oxygen, and fluorine. Some single-point
fluorofulminate, in analogy to the chlorine and bromine deriva- calculations were performed with the still larger quintuple-zeta
tives, failed® Therefore, as demonstrated by the results of basis set, cc-pV5Z. Only the spherical harmonic components

previous calculations on CICNO, BrCNO, and NCCK®, of polarization d through h functions were used. In the
state-of-the-art ab initio methods seem to be a valuable correlation treatment, thesdike core orbitals of all of the atoms

were excluded from the active space. The calculations were

*To whom correspondence should be addressed. E-mail: koput@ Performed using the MOLPRO-2000 package of ab initio
amu.edu.pl. programsté.17
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TABLE 1: Equilibrium Molecular Parameters of TABLE 3: Harmonic Wavenumbers (o, in cm™1) of the
Fluorofulminate, Determined using the CCSD(T) Method FCNO Molecule, Determined for the Equilibrium
and Various cc-pVnZ Basis Sets Configuration at the CCSD(T)/cc-pVQZ Level of Theory
cc-pvDZ cc-pVvVTZ cc-pvVQz symnt w PEDx 100
r(FC) (A) 1.3192 1.3058 1.3025 A 2146 62 CN stretch, 28 NO stretch
r(CN) (A) 1.2308 1.2086 1.2025 A 1440 55 NO stretch, 38 FC stretch
r(NO) (R) 1.2064 1.2027 1.2009 A 953 52 FC stretch, 38 CN stretch, 15 NO stretch
O(FCN) (deg) 131.67 134.08 134.78 A 515 67 CNO bend, 36 FCN bend
0O(CNO) (deg) 159.01 161.36 161.88 A’ 397 100 out-of-plane bend
energy+ 267 (hartree) —0.154185 —0.411981 —0.493221 A 309 68 FCN bend, 33 CNO bend
TABLE 2: Molecular Parameters of the Linear aSymm_etry_in theCs point group.? The potential energy distribution,
Configuration of Fluorofulminate, Determined using the only contributions greater then 10 are quoted.

CCSD(T) Method and Various cc-p\hZ Basis Sets

TABLE 4: Optimized Values of the Structural Parameters

cc-pvDZ cc-pvVTZ cc-pvQZ of Fluorofulminate, Determined for Various Assumed Values

r(FC) (A) 1.2982 1.2852 1.2816 of the FCN Angle at the CCSD(T)/cc-pVQZ Level of Theory

r(<N3N) (/2) 1-%;24 %%SEB i-%gZO O(FCN) 180 155 145 134.78 125
rA(Eaf)()C,(nf)l) 3177 ° 2283 ? 261705 r(FC) (A) 1.2816 12882 12940 1.3025  1.3149
r(CN) (&) 1.1520 1.1697  1.1847  1.2025  1.2209
2 AE is the energy difference between the linear and equilibrium r(NO) (A) 1.2205 1.2117 1.2062 1.2009 1.1960
structures. O(CNO) (deg) 180  169.25 16529 161.88  159.48

energy (cm%2 0.0 —1047.3 —1700.9 —2017.4 —1593.2

3. Results and Discussion aRelative to the energy of the linear configuration.

The calculated equilibrium molecular parameters of fluoro- TABLE 5: J = |Is| Rotation-Bending Energy Levels (in
fulminate are given in Table 1. For all of the basis sets cm™!) and Changes in the Effective Rotational ConstanB,
employed, the equilibrium structure of fluorofulminate was (in MHz) Due to Excitation of the FCN Bending Mode, vs, of
found to be bent, with the trans conformation of the FCNO he FCNO Molecule

chain. The calculated total energy and structural parameters vss(n, k)  energ¢  AB,° vds(n, k) energy  AB,®

appear to be converging with enlargment of the one-particle (0, 0) 0.0 0.0 2(1,0) 368.6 —6.0
basis set. To estimate the complete-basis-set (CBS) limit for a 1' (0, 1) 7.7 =215 3(,1) 3776 —27.0
molecular parameter, the exponential/Gaussian extrapolation 1*(0, 1) 7.7 23.0 8(1,1) 3776 17.2
formulat® was applied. The total energy lowering from the gz (8* g) gg-g g-g g(i 5) jgg-g _i-g
cc-pVQZ to cc-pV5Z basis set calculated in this way~ig&9 3 (0’ 33 67.4 6.3 a§2’ og 7947 __14'_3
mhartrees, whereas that to the infinite basis set is estimated 4¢(0 4)  118.6 10.8 ’

to be ~46 mhartrees. The extrapolated total energy for the 2The ground-state energy level is calculated to lie 184.8'@hove
cc-pV5Z basis set was found to be267.52230 hartrees. For the minimum of the potential energy functichThe ground-state

the cc-pVQZ optimized structural parameters, the total energy etective rotational constaris is calculated to be 4322.4 MHz.
was actually computed with the cc-pV5Z basis set to be
—267.520241 hartrees, just 2.1 mhartrees above the extrapolateg,iminate was computed with the cc-pVQZ basis set. Except
value. Likewise, the CBS Ilm!t values for the equilibrium oy the out-of-plane modes, all of the vibrations appeared to
structural parameters were estimated ta$6C) = 1.301 A, be coupled to each other. Therefore, neither of the in-plane
re(CN) = 1.200 Arg(NO) = 1.199 A, 0FCN) = 135.T, and normal modes of the FCNO molecule is truly characteristic. In
OCNO) = 162.0. The calculated bond lengths and _valence particular, the normal modes, corresponding to the FCN
angles are accurate to abat.002 A and£0.1°, respectively.  pending vibration, has a substantial admixture of the CNO
The estimated uncertainties are largely due to neglect of thebending vibration.
effects of core-valence electron correlation (see Table 2 of T4 characterize further the ECN bending potential energy
ref 6). function, it was determined by optimizing the structural
The molecular parameters calculated for the linear con- parameters of fluorofulminate for various assumed values of
figuration of fluorofulminate are given in Table 2. The height the valence angle FCN. Results of the calculations are presented
of a barrier to linearity of the FCNO chain is calculated to be in Table 4. All of the structural parameters are found to vary
quite large, being by 1 order of magnitude larger than those significantly with the FCN angle, with the CN bond length
determined for the CICNO and BrCNO molecut€€. By using changing by as much as 0.07 A for the FCN angle ranging
the exponential/Gaussian extrapolation formidlghe barrier  from 180 to 125. The FCN bending potential energy function
height could be estimated to be 1920 ¢nfor the cc-pV5Z was then used to calculate the rotation-bending energy levels
basis set and 1870 crhat the infinite basis set limit. In fact, by the semirigid-bender approathThe J = |ls| rotation-
using the cc-pV5Z basis set, the barrier height was calculatedpending energy levels of the FCNO molecule are listed in
for the cc-pVQZ optimized structural parameters to be 1930 Table 5. The energy levels are labeled by the rotational
cm™L. Therefore, it is resonable to assign an uncertainty of about quantum numbed and, in analogy to the previous studies on
430 cm! to the estimated CBS limit value. In contrast to the the CICNO and BrCNO moleculés® by the vibrational
CICNO and BrCNO molecules, which both are apparently quantum numberss and Is. The quantum numberss and
quasilineaf,2+>fluorofulminate is thus close to the limit of a |5 describe the doubly degenerate FCN bending vibration
regular bent molecule. of a semirigid linear molecule. Because the FCNO molecule
The calculated harmonic wavenumbers and potential energyappeared to be far from this limit, the energy levels are also
distribution of the normal modes of the FCNO molecule are alternatively labeled by the FCN bending @nd rotational K)
presented in Table 3. The harmonic force field of fluoro- quantum numbers. The quantum numbersnd k can be
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TABLE 6: Total Energy 2 of Fluorofulminate (in cm~1) as a
Function of the FCN Angle, Determined using the cc-pVQZ
Basis Set at Various Levels of Theory

O(FCN) 180 155 145 134.78 125

SCF 0 1107.5 1905.7 2703.7 3497.8
MP2 0 —1251.9 —1908.1 —1669.1 415
CCsD 0 —452.8 —696.2 —660.4 —34.2
CCSD(T) 0 —1047.3 —1700.9 -—2017.4 —1593.2

1000

500

a Relative to the energy of the linear configuration, calculated with

500 the structural parameters given in Table 4.

Energy/hc (cm‘1)

energy function is due to a balance between different electron
correlation effects. It is worth noting that the shape of the

potential energy function determined at the MP2 level is similar
to that determined by the CCSD(T) approach, likely because
of fortuitous mutual cancelation of the higher-order correlation

corrections to the total energy.

To estimate intensities of rotational transitions, the electric
dipole moment of fluorofulminate was calculated at the
B CCSD(T)/cc-pVQZ level of theory. For the equilibrium

180 170 160 150 140 130 configuration, the dipole moment was determined to be 1.289

FCN angle (deg) D, with the components parallel and perpendicular to the FC

Figure 1. (Relative) total energy of fluorofulminate as a function of bond bemg_ 1.181 and 0'516. DZ re_spectlvely. Using the SCF
the FCN angle, determined using the cc-pVQZ basis set at the SCF,Wave function, the charge distribution was computed by the

MP2, CCSD, and CCSD(T) levels of theory. The functions are drawn Mulliken population analysis to be-0.19,+0.29,40.21, and
to a common scale. —0.31leat the F, C, N, and O atom, respectively.
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related® to the vibrational quantum numbersandls by vs = . X . \ , .
d s 5 BY U5 M. Winnewisser for stimulating discussions and comments.

2n + |k| andls = k. Then, the calculated rotation-bending energy
levels were used to determine the effective rotational constant
B, for each vibrationabs's state. These values were obtained
by fitting an odd power series inJ(+ 1) to the calculated Wi ) Gillies,MCéhW-; CF-;irLIies,LJ.mZééaLi;gguéglI.: Winnewisser, B. P.;
i it H H e Innewisser, i.Chem. yS. L€ .
rotational transition frequenmes._ For th‘? main FCNO iso (2) Lichau, H.; Gillies, C. W.; Gillies, J. Z.; Ross, S. C.; Winnewisser,
topomer, thg grqund-state effective rotational cons&ﬂts B. P.; Winnewisser, MJ. Phys. Chem. 2001, 105, 10065.
determined in this way to be 4322.4 MHz. Table 5 lists also (3) Lichau, H.; Ross, S. C.; Lock, M.; Albert, S.; Winnewisser, B. P.;
i i ; ; Winnewisser, M.; De Lucia, F. Cl. Phys. Chem. 2001 105 10080.
ghe predlct_ed_cha?gﬁs in tt;e ?‘Lectlvedrotagonal Icon%nt (4) Kopt, .3, Phys. Chem. 4993 103 2170
ue to excitation of thes mode. The predicted regular pattern (5) Koput, J.J. Phys. Chem. A999 103 6017.
of rotation-bending energy levels is consistent with that (6) Koput, J.J. Phys. Chem. 001, 105, 11347.
characteristic of a semirigid bent molecule with a moderately 5 1{%)4 ggoy\zlirlld, K.; Willner, H.; Bielefeldt, D.; Haas, &. Naturforsch.
anharmonic bending pOtemlal energy funCtlon.' Morepver, the 8) Jaéobs, J..;".linher, B.; Schatte, G.; Willner, H.; Mack, H.-@hem.
k dependence of the effective rotational consBris consistent Ber. 1993 126, 2167.
with that characteristic of a near-prolate symmetric top with (9) Lichau, H. Private communication.
the rotational constanA of about 230 GHz. This could be 8% g-sz'ﬁif'ffgﬁjﬁﬁ'%ﬁQ%@gsgghi?gecr‘em' Phyi€99 1, 4541.
expected as the ground FCN ber_1ding_state lies about 17QB CM  (12) Punvis, G. D., IlL.; Baﬁlﬂett, R. 1. Chem. Phys1982 76, 1910.
below the top of a barrier to linearity. The asymmetric-top (13) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M.
parameter« of the FCNO molecule is determined for the Chelrz- F;hys- L?tﬂgBQE}?_Z 4719',] Chem. Phval990 93 5851
equilibrium configuration to be-0.9991. Finally, the parameter §15§ Dﬁtr’;?rr]'gl’T_'H_"Jrie’Chén;_ P@gigsgygo 1%07j :
7o, quantifying quasilinearity of the FCNO chéihis calculated (16) MOLPRO-2000 is a package of ab initio programs written by
from the rotation-bending energy levels of fluorofulminate to g--J-hW%rner arXJ g. J._Knogvlzs,IWIth DcoEtr(lzbutlons 'UlorJn g. B. Amos,AA.J
; ; ernhardsson, A. Berning, P. Celani, D. L. Cooper, M. J. O. Deegan, A. J.
be +0.92, as Compared Wlth.Fhat of1 for an ideal bent . Dobbyn, F. Eckert, C. Hampel, G. Hetzer, T. Korona, R. Lindh, A. W.
molecule. Concerning the quasilinear nature of the FCN bending ioyd; S. J. McNicholas, F. R. Manby, W. Meyer, M. E. Mura, A. Nicklass,
potential energy function, fluorofulminate resembles thus most P. Palmieri, R. Pitzer, G. Rauhut, M. StiuH. Stoll, A. J. Stone, R. Tarroni,
closely isocyanic acid, HNCO, ref 22 and references therein. @nd T. Thorsteinsson.

Figure 1 and Table 6 illustrate the effect of electron 19817) Hampel, C.; Peterson, K. A.; Wermer, HEhem. Phys. Let1992
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